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“The Flow 1n ccntnt with a Ou Strean md llut ‘rruutor

O : ', P.L.xapa.m'

(‘X’ho problu of tho ucuon of & gas stream on a nquld 1' ct.ndiod. -
o ¢ 1 is. ahm that, accoptiug the di.mpuon of a gu ctrcu in puoing

over the wm snrtaco of a nquid, the 1ncruud dxop 1n pressure ot a.

gu ltrou nowing 1u a8 t.ubc vdth ‘ut n].ll /oan b. oxphimd and mmti- ‘ i

tativoly dourlinqd. The - ox;:rouion 1c glven wh:l.ch corrolpondl

.

ampi,ricnl results to% t.hc cr:l.tical voloclty at vhioh "chold.ng" occun
in a varticol tnbo qlong 'hou walls _the 1iquid flou agdmt ‘the g

o An oxplanntion h given ror ﬁu 1neroaud hoat- tn;mtor Mhinr hsvarLW
of a liquid dur.lng wave flcm). .

 ‘~ : e o l'ntrodnetion

- In thc aetlon of a gu eumnt on tho un‘face of a thin layor of ‘
; a nquid nauing along a nll, t.heu are uneovored a aerioa of charae- : J . '
b, teriotlc phenomna. L
£ n' tho test 1l eonducted in a tubo 1n whieh thq liquid flon nlong
t.ho 1nner wall, thon for oqual muu gal volocitiu thc drop 1n
& prcuuro 1n a gu stroan along the tuba apponn to be. noticonbly guator
' _ for wet walls than for dry walls; In'tuboa of mu"diu.m a com-

T md drop 1n prosluro 15 fonnd [1_7. 5 CONHDENT'AL

I!' nn tlow and nquid flow are oppoud to oach othar thcn, with T

carried otr‘b?‘tlﬁ gas ana fﬁir counh rIow .cannot iiﬁt llhen t.h:la
: otfeet 10 oburved An tho tube and whon tha critical volocity 1u at-
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Smnov [ 2_7 pointod out thut during uqufd flow even with a '”‘ﬂ

: gu nt rut thcro oceurl a drop 1n prunuro along the tube.

| '!o qxpluln :11 thuo ottoet- ‘on tho buin of the notion of hnimr

; flov did not cppur pouiblo. nmco the action of a gu ltnu on thc ’

| ;,,rm. 'nrfaco of a nuid 1- uot %lutﬂciontly great_ to produeo thn dia-
i ruptionl oburnd in th- chnractor of the flow of a liqnid and a. m‘ by _

“1f the surface of t.ln l:lquid hu ‘& wave charuot.cr, ‘the uot.ion botwun
th- gu atua- and liquid enn bo dgnifieantly grutor. mro thul

~ _appears a pouib:luty of quntitauvoly oxpluining tho ducribed ortcctl. Lo

'l'hc Inﬂ.uon« of a Gas Stuu :

‘ »»racc. lo shall uhct tho di.stribution of thu qoord!.natn n 1n a lnfﬁ. -

cient dut-m n-o- tho mmo (>f the order of . me longth). thc _ i

i ! ulocity of & gnh' eumnt paranol to‘axis x: h;a a eonotnnt valuo
: ‘ uuro oquh U, lo will ]J.d.t ourulvu to th .
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;.. velooity will Im n : S B

= U (1 @«/V stn. /VX e ’V> SRR
(3) pzo

Zlé-‘l/ (4,,&\'-/\/ aas/Vx -e 0 : S

"m excess pionufo st the iuruco vd.n!\n

oy "f’ = "rf (u+ Ur)ﬁ T ”(W zo
—3f e ‘[7+za.m W Nt a NE]
-honA 1- “gee "density. It we wnndormhommmuhh— 4#

!
=

phuo voloci.ty ." md m unm by thc t.on dmnﬂn‘ on (

!

o o:wmm. 1'. 18 no«lury to cond.dor which dsn- are 0. '
Am“ "‘"‘U Mk”""“ u‘l““ n°" lM lli ourmt are in. tlu same

or omdto disotim 7' EELE
m pm-m’ ‘«um zn m nuu -t.mnm Dot
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'croau of wave length on tho mrtuce. The phydcal cause of thie :

Veff‘ect of a gas etream on wave -length comes from the knmm naturq,
shown by Helmholtx, a dynamie reaction oecurring botv«n the. borders
“ot tvc etreama of" dﬂferent densities. celculet;on- show that, th- -
1n the l:hnit of those volocitiee y:l.elding the effects. dueribod 1n

| ,the mtmdxct:lon, the difference betnon n and /V eaueed by the gaa

current 1- mumticant. It eannot exert an eeeent:lal inﬂuenee on

the general picture of the liquid f]mr.‘ There will not be an 1n-

crease in the preeeure-dmp in the gas along tho length- o} the tube,
__since it can heppen only when non-revereible processes occur at the

paeeing of the gas around -the wavo aurface. Thue euch a t'om ot re- L

acmd éae and liquid etroame eannot explaitr the incroaaed

preesure-dmp obeerved during liqu:ld f1ow along tu‘be walle. CONFIDmmL
- It is known that increaeed preeenre-drop occurs 1n rough tubee. .

. 'rhis effect 1s explained as dug to m pr”m" 10”" Occurring in L
paee:lng around the pa-otmdon&of the mgtrnil‘mrfiﬁ’i‘“’lhe effec

?taking place when a gae atream paeaee around the eeparat.e wavee fom—

ing’ the liquid aurrace '.le natnrally aeaumed to be e:lmﬂar to that 5
. which occurs on the protrusiona of a mugh t.ube. Fm- thie purpou

' 4he wavee qn the liquid eurface muet be assumed to have a proﬁ.le :

Gl Le _
: nhich cln disturb their amooth flow and create the cond:ltiona neeee-

sary for the dieruptiorx “of the eurrent. on:ti e downward aide ot the " '

wavee ° -

Thie\ efrect can be represented simi]arly to the scheme in Fig 1. _

W
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Curve 1l repreemte the ;wave surface. No 2 gl.vee the velocity

et. a certain, but not™ too greet d:\etance txom the wave mipface.
73 a dieruptioh did not Oecur, thm they weuld follovi ‘the cu'rve along B
~the det.ted line. At disruption, the velpeity at point )5, on the down- -
_ werd part of the wave retains 1te high value 1nstead of decreaeing
: mothly Now, the decrease in velocity will oceur irrevereibly due
to the dieeipation of ld.netie energy in the interval AA » erter
whioh, when the\eurrent again encounters the aecending part of the
wave, the velocity will have its normal’ va]ne and 'f.he whole proceee 7
Iill repeat 1tee11’. Curve 3 dep:!.ote “the pressure produced by a gas at
e eertein duort dietangh from-the: wave eurface. l'he -dotted line- repre-»
eent.e t.he case without a dimption in velocity,. and the eontinuoue
line _represents the ceee vd.th a dieruption 1n veioc:ltp In the latter ‘-’::

ceee after disruption at A 0 the preeeure at the eurface will not.

regain 1te th value moothly, but for a rather long :l.nf.erval vvd.ll

rieee m the 1ntewalM,,, it vd.ll not aseume its exact 1n1t1al
value but will rema:ln enaller due to the reeidunl drop m pressure

Ky wh:lch ie equal to the preseure drop on the weve L

length in a tnbe of rediue /‘ . This quentity, ae w:lll be ehenn

late; , is eqml te

_ﬁ) (Yzaou

e : m,.

In order to deecr:lbe the process qnantitatively, we will eeeume T
that, in t.hoee part.e of the gae eurrent. mxgn,mwmm _nj.mgm

‘ _;thewmeeure;ocentdmﬂarlyjn_meﬂvelee,_proeeea and folldw ex= S

preeeion (5). Thie aeeumpti.on can be Juatitied 1n the case of emall

: yaluee for ,the emplitud_e_ : eomparieon vd.th a" wave length long enough
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/7 e (ONFIDENTIAI.
-for mph*rcyclo to bo eréated. ~Then—from- (5) we ﬂnd that the mmd.-

mn variation in the pressure ﬁ at the aurfaco will be equal to

pi—rwtg (U

T The ‘doﬁof-ihation of the place as being of distuption )\ , at
,tho‘ wave pesk in the examined problem'hféamta aigniﬁcant difficulties.

As' is kno'n, 1t dopendl on the hydrodymmic eondition of the gas stream .

and on tho wau pattom. . At the point or diamption, therroi éccurs an

i ibrupt chmgo in pruaure on tho liquid -surface and this can bring

. about a local change in wave eontour. ‘Thus, the data avauablo for -

i dotorlﬂ.ning cmditionn of di.erupt:lon at the walls are hardly applicable

 in our case. But 1 we assume that. 1t occurs close to 13 A, then :l.t.

‘vd.ll nnt ulnuom tho quantitative result if it is plae-d on the peak
of = e ] ThB ‘length A/‘ > :lnwhich the equaliza-

£ tho lensth of the stream will be -

; i tion of tho pnsmr‘ occnrs, can be connidored mll in compnriaon
" vd.th the wave llngth 7\ m quantity (Af/z ) h of the drop in
bir;eolparison with Pl as can be eeon rrom (7), can bo diorogardod. 'L‘hen .

'»wo obtain tho diatribution of tho proaauro /0-—,3 along the wavo, corre-

nponding t.o tho quant:lties writt.en 4n tho lower 1ine in Pig 1. Having :

,‘_; p!oduced by thc gsn atream on tho autfnce ot t.hoiliquid. 'l‘ho foree

2 'along tho x-..x:ll acting on tho infinitiml ohment. o!‘ t.he wave aur-

= faco wil be equal top: da and eonaoqmntly tho avorage prouure ahng,»"'—

CONFIDENTIAI.

B ndo theao anowanees, lat. us ealculate tho tlngontm pronaurc T s .
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axb-tit.utm; the value of ‘3 from (1) -and integratin

,‘_"___M__NPn .—-——(a,,otN) f’ (Un k)

™ le

“', ~values o!‘ P ‘as given bqh{ Fig 1. wo.get

'_v‘fIn the reverae direction of- tho ntroam, the uqn'ouiou will bn the-
same , but the sign boforo ‘Tm will chango. It is obv:l.oua that t.hio »
sign will coincide with the sign of the volocity Uo . Porthe .
- assumed distrlbution of pressure, the obtaimd quant.:lty ‘Tm will be .

a na:im To account for the 1ntluenco of the aueunptiona made, we
. wll inh-odzce the coefﬁcient ’V : which should be loas than unity,

Thon we have fer the actual tangential prg'llll“

'Y '_ZT Tm  :: (2 < .lv e

To the energy EQ inI (35), tranamitted to the llquid by u... st
tores 1() per unit length of stream, it is now neeeaaary to add the

’energy transnitted«luﬁngﬂnve motton with velocity k ngainst thr"

e foree T + Thus the averago ovorall onergy, trananitted‘to the' ul

(ONFIDF.NTIM.

" st,ream per unit hngth, vr.lll be :
gk =

Introducing the net dea:lgnation J and the quantitiou Q 'and %, e

wegat.

Je "‘e *Aiwzabf '!’,.D

or, :lntmdueixg the value of ‘T from (9),

T 0

In theso mess‘lons the plus nigx refere to currents in the same

. direcuon, vwhile t.he m:l.nue sign refers to the eounterngn_giliqﬁt

and gas.
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e courmmmy :

'“‘”‘T phycfcal Anterpretation of the obtafried oxprooaion can be made
M:.tuh;urum as a r,uult of tho aotion ‘of gas stream the flow of the- nquid' e
. layer occuro as if there acted on it in the direction X, a voluntric
"t'orco having the acceleration - J , This 15 a basic quantitativc fac-
tor for the actinn of a gas. st.ream on the wave now of a uquid. l. o
11 calculato 1t by ehanging d ‘to J in tho baoic equation I (3.9)

‘l'he preasuro gtadient in the nqu:ld, creatod by the gas stream

.. "on the amplitude of the waves is determined by the form of curve 3 1in ’
Hg 1. I$ wonsists of two partc: the first comuponda more bo the

abxupt variation in preuure 1n the elemnt A) and the second corre-

1nto the solution of equat:lon I (19), only pressure changes having

the same period may axhie:lt a_substantial effect. It can be assumed - -

fron thia that the prcunre vnr:lationa 1n the ahort. olunent A
will not ’nave any noticeablo effeet on the term with the first~
hamonic. conaoquently, :ln the ﬁ.rat. approximation, the computation :

Jiaor

: my be lin(itod only to the variat.ion in gradient occurring smoothly - :
“4n the cxtent of the halm'veu- and over the wavo lengt.h, :I.ts first- 1 A‘

: harmonic \d.ll equal —— i :
: (ONHDEN“AL
-g—-'f = ——*ﬂﬂ/\//aﬁ{b(, k)

Iat ua intmduee‘thia value 1nto equation I (19) and “also tho )

follovdng dedgmtion: ST

zd-—~;’—(ﬂ—-*)“ S

!

S Udng expreasion I (IV), we get. the oquation for detem:lning
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~For-a- steady-state periodic solution the conatant term and the '
. eoefficient of ¢”“’*’ be set Oqual to M!'O. as before. If this

n cmdit.ion is mintained we find that/v 13 daterminod from the follow- .

ing equatiom

/V.zfzd/V—iﬂ | I o

: mcenobtain
@n ’V d'”‘/z*”z a9y

or 12 10 mat c;.,,,.,.d wp connosnm
S 7”7__/7[/'7‘"* {,_92_/_,‘,_,:7‘ R o |

R

Thua, lhen the raf.io d/ﬂ is mll, the wave lmgth un be

e 'vehanged onlr a ‘little by the gas ot.rcam.' The effects doaeribod in

the- first paragraph usuany occur under these conditions. ‘

» ﬁ.ﬂl a aun‘iiluc rar %‘*thrxpprwdmationmf thrseeon" : 7
‘ofrdor I (IV) obtainod by us wul also be e’éu'uct herc. M‘.la case,"r

whon Y, ana eonacquntly N inl (IV) are oqual to zer0, t.here ariso
. th. umal atanding wavu ¢—- Rsln Zd X »‘rhsy are- tound when the “
o | no' of the nuid 1- retarded. m eond 1tion of equat.ing to zero the :
5 coofﬁd.mt of ¢ in equation (16) givaa '

J:Eza,"o"d'——z-:o ‘@ | ; (21) /’24‘

- 'ro uintain the onorgy balance, 1t s nocgaury that the enorgy
E T (13) oqual tho diuipated energy E I (3!.). ,,Comparing then,
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m. ocm'upondn ‘to the prev pmfou- Telation I (152) T&"?o”ﬁiiﬁ[if'lc
‘!‘hu- !hmthu F rnuul as before, It ean ‘be .uu-d fron this t.hnt. '

N thl nluu 1 (V) obtd.ud for a* and Z  and F are retatned.
mm them wd (10) J7 expression (22), we m '

/:1:70/6'4,/1/‘% (Z/ ,4) ___2 4 Q _ .‘,b’m‘. :

'l‘hil mudcn, tonthor Iith (19) lnd (16) lnd I (IV), mko 11'.

NPT

mllhh to eoimtq l lnd d, i for any ¢1nn Q and l/ and for other
plvllcd oanltants ot thn eurmtl. The' ‘problem. roqu:h-en a longthy

e ummion and 1- .upmm only mn_g/d 1s mll or large.

T Presmure-trop 1o the Tibe T '*MCONFIDENTIXL'

VVIf‘tho nmid flm nlong thc :hmtr nlln or a tnbe ot udiu- -

J. L._r\\r M-.—
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“(26)

m us h\vuunto tho root: of t.hh ‘qnltion. 8 ror po-itiu
ulnu‘cr”Q “there ‘are nlwl toluu:ona 4n whteh- a;;-m have s

- positive wd m1 nb&- In uniflow A, will decrease witn U,
.nd becwise of this the flow cmnot lose its stability, In counter- -

C flow A, -m incresse with U, “and when it becomes |rutor than-the
: eomupon&l.u hli.uar ncw, tho munty of tlov with mrt.hor 1n :

SRS Al o

f ,ernu in a,h uot widont.. ‘When Q h nmtivo, a,, can lnn . rnl
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When a toed hiym- than the m!.nimn, the oquatlon will givo two £

- :‘pouible Vdlues for tl, . ST ,,,‘

_the possible. flows appgars mout atable.

i "Choking" ) iy
Fradkov [ 1_7 eonductod qxpor:lmenta wit.h the tlow of &n hyorc
of liquid air :ln tubu 10 cm long with a radiua of 0.23 cm, with

R cotmterrlow of air, at 1 at.. aba. In his tests the. supply came through
_an opming in the wall of t.he ‘tube ot"'lhmrmm the upper edgo.r “Thus
’ the tluid, floulng Anto tha tubo, could rlow oither up or down.. lhen, 7 i
- ~"w1th a dotemined voloc:lty of thc gas and, eomquenty,_gxe quantityéﬁ__m
: .,S ‘ 1n oxpruaion (26), the oupply anchu the quantity QM e e :
’ then, 1n eompl:lance with obtainod eom!itiona, there will appear a
' Wposaibility for the ﬂu:ld instead_gLﬂmngJom,_to_be.carried up by
?'the -gas, Thia effect waa calhd "ehoking " '_lhe cgrruponding volocity

) U« s at which 1t begins, is called the eritieal voloeity and was e Y

-‘f‘determimd experimentally by F"‘“‘” : e CONFIDENTM'-

Substituting the values of S and GDj.n expression (30) of (25).
- we get for Uk ¢ ‘

7 Here all quantities aneﬁknown excopt X s, t.he correction eoeffi-
ek —c:tent—for ‘TM (11) 5 which Ealiea 1n60 conaideration the uncertainty in

condit:lona of disruption. At nrat we shall aot X— l. Iat us: aaeum i
= tmm vnomy kmm wm::-ogardea 1n eompartson with U
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’ ealcuht.ed according to expreasion (IV ) Hcre the values of the

hyuical: constantc presented :ln the tahle of t.he first articlo , air ! =

":'Vden{ﬂ-"y at 1 abs. and 82°K‘Pz = ‘+4 . IO » were used. -

S Fradkov's exper.lmantal data are algp eham in Fig 2.
Aa cabea aeon theoretical ad e perimental results fi

'although there are no arbitaary quantities in expression (IV). Thié

< L~ieoin¢1donee»=t=sjewﬂican£1y better than expeeted from the aaanmptions

vud“—iﬁ?siﬁiﬁénmd“mﬁng_calcummn.
s val:ldity of oxprusion (IV) has to be teated on a aeries or liquida to 7
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— -The Influence of -Tube-Dimensions .

' I'lxbdetern:lpring the quanti’ty W ., the distribution of volocity
\J.,~ along the tlxbe was disregarded. The diutribut.ion is due to vie-
, couity effectu in the gas stream. Tha auumptione made are all t‘hﬁ k
“more mbstu}thtbd when the preamre drop dotomined by- expreaaion (II)
" ) grm.er than that whichA:ln a tuba oW 4quid layer. In the opposito :

" case, diatribution of ‘the volocitdes at the wall ot ‘the t-ube will be:

. dotemimd not 80 nucth:tho reaigtMnsed by passing over th‘ BN

‘waves as by the virtusl viscosity ‘o the actusl turbulent flow of the SRR
3 .

“‘jgju‘. Becsuse of f.hia, ant the wall ‘will be 1ess than the averago

- '.volocity of tho gaa now :ln the tubo.f Uoing our proaent knoulcdgo of
A “the roughnou ! o ' ’tnba«walh and, 1n the caao of a liquid layer, i

onprouing it as the ratio of the rad:lue ot tho tube to the ampli.tndv

CONHDENTIAL

“of the waves, we get

(32)

T}- rougher t.he wall, the amnsr ‘is thia qmt.it.y. i !’rom Nikuradzo's St 2

[' 3.7 ‘tests the offcqt of roughnoss on the preasurt drop i.n a tube is ‘b
" known to dapend on the ﬁe Por example, whonz< /5 and /?e

“the_ presmro drop 1a determined practieally by the roughness alono. ﬁIn - s

 the cited exporiments of Pradkov, the tube was of eufﬁ.ciently onall ]

erou uction and ! wns aman: cnough to satriaty the asmptiona. ; [

pruaion (IV), “for tho same diachargo rat.e C\9 and with an 1ncuuq
mwtubo dimtan mmmmz.z vr.lth the 1ncregge of : Z will be

N '1,“ e eorreops st - - locity of the gas=in-th gg.m’ ,ﬁf;&ww

This is found in ust [ 1_7 In all expreuions into which T ent.ers, S
—4f-they-are- 404 msmdmmcgpt cross aect:lon, -
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: . <..~ ""‘"“T’ _______ mlmm‘—“ N AM,”"M: o o - s

Mf. tunltor ina umu -trnn during wave now vd.n bu dis-

hed frouﬂhut tran-fcr dur:lng 1..1,“,- n“_ It you unn L

t ag poth ‘oase tnmhut lmt tnnror'il abnnt, thon the tmo-'-.-
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